ABSTRACT: The posterolateral corner (PLC) structures including the popliteofibular ligament (PFL), popliteus tendon (PT) and lateral collateral ligament (LCL) are important soft tissues for posterior translational, external rotational, and varus angulation knee joint instabilities. The purpose of this study was to determine the effects of deficient PLC structures on the kinematics of the knee joint under gait and squat loading conditions. We developed subject-specific computational models with full 12-degree-of-freedom tibiofemoral and patellofemoral joints for four male subjects and one female subject. The subject-specific knee joint models were validated with computationally predicted muscle activation, electromyography data, and experimental data from previous study. According to our results, deficiency of the PFL did not significantly influence knee joint kinematics compared to an intact model under gait loading conditions. Compared with an intact model under gait and squat loading conditions, deficiency of the PT led to significant increases in external rotation and posterior translation, while LCL deficiency increased varus angulation. Deficiency of all PLC structures led to the greatest increases in external rotation, varus angulation, and posterior translation. These results suggest that the PT is an important structure for external rotation and posterior translation, while the LCL is important for varus angulation under dynamic loading conditions. ß
The complex anatomy of the posterolateral corner (PLC) structures of the knee has been widely documented. [1] [2] [3] Although damage to PLC structures is considered to be clinically important, resulting in marked disability for patients, injury to PLC structures can go undetected during medical imaging examination. 4 In recent years, the complexity of the PLC structures of the knee have become better understood. 4 For example, posterolateral stability is now understood to be mediated by numerous static and dynamic components in the PLC structures of the knee. Three important PLC structures, namely, the popliteofibular ligament (PFL), popliteus tendon (PT) and lateral collateral ligament (LCL) provide important posterolateral static and dynamic stability. 5 Among the PFL, PT and LCL, the PT complex is considered the most important with respect to restoration of posterolateral instability. 6 The static components of the PLC structures include the lateral (fibular) collateral ligament, fabellofibular ligament, PFL and posterolateral capsule. The PT complex is a dynamic structure and a prime medial rotator of the tibia during initial flexion, releasing the lateral meniscus to supply rotatory stability to the knee. 7 When these structures are injured, instabilities due to external rotation and posterior tibial translation are accompanied primarily by varus instability. 8 In addition, PT injuries are present in up to 68% of patients treated for posterolateral instability, and are accompanied by frequent injuries to other structures in the knee joint. 6, [9] [10] [11] Various methods to assess injuries of the ligaments in the knee joint have provided a better understanding of their function as well as guidance for appropriate surgical treatment. 12 The technique of selective cutting of PLC structures was introduced to identify and evaluate principal structures as well as to measure varus rotation, external rotation, and posterior translation of the tibia. [13] [14] [15] The selective resection method leads to changes in the intricate interactions and relationships between remaining knee structures, and although it removes the effect of specific sectioned structures it is advantageous for studying static stability in knee joint. However, the outcomes of studies utilizing selective resection depend on the sequence in which the structures are resected. 8 Computational modeling has also been used to predict the kinematics and kinetics of the knee joint in order to challenge the results of in-vivo movement assessment, and is also useful for determining the forces, pressures, and stresses on bones and soft tissues. 16, 17 Importantly, the biomechanical effect of deficient PLC on knee joint kinematics under conditions of daily activity can be practically evaluated using computational analysis.
The purpose of this study was to determine the effects of deficient PLC structures on the kinematics of the knee joint under gait and squat loading conditions. Five subject-specific musculoskeletal (MSK) models with 12-degree-of-freedom (DOF) motion for both the tibiofemoral (TF) and patellofemoral (PF) joints were developed. We hypothesized that the PT is the most contributing for posterolateral stability of the knee joint during daily dynamic activity. To test this hypothesis, we first compared predicted muscle activation and corresponding electromyography (EMG) recordings to validate the computational model. In addition, results of the rotational test between models with intact and deficiency of all PLC structures were compared with previous experimental data. Second, kinematics were compared for anterior and posterior (AP) translation, internal, and external (IE) rotation, and varus and valgus (VV) angulation with respect to deficiency of individual PFL, PT and LCL structures or combined PLC structures under gait and squat loading conditions.
MATERIALS AND METHODS

Experimental Procedures
This study was approved by our hospital's institutional review board and written informed consent was obtained for each patient. Subject-specific data were used to develop the subject-specific MSK model, and EMG sensors were used for motion capture. Four male subjects (Subject 1: age 36 years, height 178 cm, mass 75 kg; Subject 2: age 34 years, height 173 cm, mass 83 kg; Subject 3: age 32 years, height 182 cm, mass 79 kg; Subject 4: age 34 years, height 173 cm) and one female subject (Subject 5: age 26 years, height 163 cm, mass 65 kg) without any medical history of lower extremity problems participated in this study. Subjects performed gait and squatting activities, and ground reaction forces were measured using a force plate (Figure 1 ). In addition, tracks of marker locations were measured using a three-dimensional (3D) motion capture system (Vicon, Oxford, UK). 18 EMG signals were recorded using an EMG sensor (Delsys, Boston, MA) for the following muscles: Gluteus maximus, rectus femoris, vastus lateralis, biceps femoris, semimembranosus, gastrocnemius medialis, tibialis anterior, and soleus medialis. Raw data from EMG signals were transformed into muscle activation data using root mean square analysis. 19 
Computational Model
The five subject-specific models were developed using AnyBody Modeling System version 6.0.5 (AnyBody Technology A/S, Aalborg, Denmark), which is a commercial software for MSK simulation analysis. The generic lower extremity MSK model is based on the Twente Lower Extremity Model anthropometric database, 20 and is actuated by approximately 160 muscle units. The generic model has been previously validated in the literature for predicting muscle and joint reaction forces in human lower limbs during locomotion. 21, 22 Three-dimensional (3D) bone and soft tissue models were reconstructed from computed tomography (CT) and magnetic resonance imaging (MRI) scans described in our previous studies. 23, 24 The femur, tibia, fibular and patella in AnyBody were scaled using 3D femoral and tibial models of the five subjects with nonlinear radial basis functions. All remaining parts were scaled using an optimization scheme that minimized the differences between model markers and recorded The ligament attachment sites were obtained from the subject's MRI sets and descriptions can be found in the literature. [25] [26] [27] Two experienced orthopaedic surgeons determined the locations of the ligaments independently. The agreement was evaluated using the 3D coordinates of each point. Intraclass correlation coefficients for intra-and interrater agreement ranged from 0.86 to 0.96 for all measurements, which showed good reproducibility. The attachment points in the AnyBody model were modified using the subject-specific attachment sites. As shown in Figure 2 , a total of 21 ligament bundles were modeled: Anterior cruciate ligament (aACL and pACL), posterior cruciate ligament (aPCL and pPCL), ALL, lateral collateral ligament (LCL), popliteofibular ligament (PFL), medial collateral ligament (aMCL, cMCL, and pMCL), deep medial collateral ligament (aCM and pCM), medial and lateral posterior capsules (mCAP and lCAP, respectively), oblique popliteal ligament, medial PF ligament (sMPFL, mMPFL, and iMPFL), and lateral PF ligament (sLPFL, mLPFL, and iLPFL).
The stiffness-force relationship of the ligaments in the model was defined as follows so as to produce a nonlinear elastic characteristic with a slack region:
where f(e) is the current force, k is the stiffness, e is the strain, and e 1 is a constant with a value of 0.03. 28 Using this relationship, the ligament bundle slack length, l 0 , can be calculated from the reference bundle length, l r , and the reference strain, e r , in the upright reference position. Most of the stiffness and reference strain values were adopted from the literature, and some were modified. [28] [29] [30] The menisci were modeled as linear springs to simulate their equivalent resistance. 31 A wrapping surface using a cylinder and ellipsoid was applied to prevent penetration of ligaments into bone. Specifically, one to three wrapping surfaces were applied to each ligament to wrap the geometry of the bone. Figure 2 shows three rigid-rigid standard tessellation language (STL)-based contacts defined in the TF and PF joints. Three overlap based contact models were defined between the femoral and tibial components and between the femoral component and patellar button. These contact forces were proportional to the penetration volume and so-called pressure module. 29 The PT in the PLC structures provided by AnyBody was modified due to its inaccuracy to follow a more realistic anatomy. The default popliteus muscle, which was composed of two bundles, was modified to have a third bundle. The origin was modified to be located on each different anatomical site taken from MRI. The PFL was modified so that it was connected with the popliteus muscle. This method has been well described in our previous study. 32, 33 Inverse Dynamic Simulation and Loading Conditions Before running the inverse dynamic analysis, the kinematics of each trial were calculated based on motion capture data using kinematic optimization. To optimize the kinematic model parameters, ground reaction forces, and motion capture marker trajectory data were imported into AnyBody, with the objective of minimizing differences between AnyBody model marker trajectories and motion capture marker trajectories. After kinematic optimization, we performed an inverse dynamic analysis. The muscle recruitment criterion used in this study was cubic polynomial.
In order to assess the predictive accuracy of the model, the predicted activations for major muscles were compared with their respective EMG signals. Such a method has been well explained in previous studies. 32, 33 In addition, external rotation torque tests for rotational laxity under an intact and deficiency of PLC structures conditions with 5 Nm torque at 0˚, 30˚, 60˚, and 90˚of flexion were compared to previous experimental study for additional validation. 34 To define the influence of resection of the PFL, PT, LCL, or all structures combined on knee joint kinematics, the AP translation, IE rotation, and VV angulation of each deficient condition were compared with intact conditions under gait and squatting loading conditions. 
Statistical Analysis
Single cycles of gait and squatting were divided into 11 time points (0.0 to 1.0 phases). Calculated kinematic data in each simulated model were compared with the corresponding simulation data from the same knee at the same phase of the cycle. Non-parametric repeated measures Friedman tests and post-hoc comparisons were performed using a Wilcoxon signed-rank test with Holm correction to compare results obtained under intact conditions, deficiency of the PFL, PT, and LCL in isolation, or deficiency of all PLC structures during gait and squat loading conditions. Statistical analyses were performed using SPSS for Windows (version 20.0.0 from SPSS in Chicago, IL). Statistical significance was set at p < .05 for all comparisons. Figure S1 . For validation of the external rotation simulations, the external tibial rotations of intact knees were 8.0˚AE 1.3˚, 16.8˚AE 1.2˚, 17.9˚AE 1.1˚, and 18.3˚AE 0.9˚, at 0˚, 30˚, 60˚and 90˚of flexion, while those of the PLC structure deficient knees were 13.6˚AE 1.5˚, 27.8˚AE 1.8˚, 28.8˚AE 2.5˚, and 23.5˚AE 2.1å t each knee flexion angle. For the intact and PLC deficiency models, the mean value of internal rotation in the simulations were within the range of values from previous experiment (Fig. 3) . 34 Figure 4 shows the effect of individual PFL, PT, and LCL deficiency, as well as deficiency of all PLC structures, on AP translation, IE rotation, and VV angulation under the gait cycle loading condition compared to intact PLC structures. AP translation, IE rotation, and VV angulation were not significantly increased for a deficient versus intact PFL compared under gait cycle loading conditions. Compared with an intact PT, a deficient PT increased the mean value of the maximal posterior translation and external rotation by 4.8 mm and 4.6˚under gait cycle loading conditions, respectively. However, this increase was small in the stance phase and mainly in the swing phase. In addition, PT deficiency increased varus angulation, although the difference between an intact PT under gait cycle loading conditions was not significant except for a few regions in swing phase. A small but significant increase in varus angulation of 3.6˚after sectioning the LCL was identified during the swing phase under gait cycle loading conditions. LCL deficiency also increased posterior translation compared to an intact LCL, but the difference was not significant except for regions in the initial stance phase. Conversely, LCL deficiency significantly increased external rotation during the swing phase compared to an intact LCL under gait cycle loading conditions. Last, deficiency of all PLC structures significantly increased external rotation, varus angulation, and posterior translation during the swing phase; as well as in stance phase, although not to a large extent in stance phase. Compared with an intact PLC structures, a deficient all PLC structures, increased the mean value of the maximal posterior translation, varus angulation, and external rotation by 6.2 mm, 3.7˚and 12.9˚under gait cycle loading conditions, respectively. Figure 5 shows the effects of deficiency of the PFL, PT, and LCL, or all PLC structures on AP translation, IE rotation, and VV angulation compared with intact structures under squat loading conditions. Unlike the gait cycle condition, PFL deficiency small but significantly increased external rotation and varus angulation in the high flexion angle of the squat loading condition, but it did not significantly increase posterior translation. A similar trend was observed for PT and LCL deficiency under the gait cycle condition, and was further increased by high flexion angles under squat loading conditions. Finally, deficiency of all PLC structures significantly increased posterior translation, varus angulation, and external rotation compared with intact structures under squat loading conditions. Compared to intact PLC structures, the mean of maximal posterior translation, varus angulation, and external rotation increased by 4.7 mm, 5.2˚and 6.1˚, respectively, under squat loading conditions in deficient PLC structures.
RESULTS
Comparison of
External Rotational Test and EMG Experimental Results With the Predicted Computational Model The greatest muscle activities predicted in the five computational models showed consistency with the transformed EMG measurements under the gait and squat loading conditions as shown in supplementary
Comparison of the Kinematics With Respect to Deficiency of PLC Structures Under Gait and Squat Loading Conditions
DISCUSSION
The results of our study showed that the PT and LCL structures could significantly contribute to posterolateral stability under daily activity dynamic loading conditions as it relates to IE rotation and AP translation for the PT, and VV angulation for the LCL. Indeed, it is well recognized that disruption of the LCL causes varus instability while disruption of the PT and PFL causes external rotatory instability.
All of the structures of the PLC of the knee are recognized as being important to static and dynamic stability. Recently, the PFL has come to be considered as an important issue and principal structure that sustains posterolateral stability. 35, 36 Recent biomechanical studies using the selective sectioning technique have shown that the PFL functions as a major ligament for external rotatory stability compared to the PT. 14, 15, 35, 37 However, the PFL has a smaller crosssectional area, lower stiffness and greater ultimate strength than the PT. 38 Furthermore, while the PT has recently been reported to function as an important dynamic and static stabilizer of the knee joint, its role in knee stability with respect to internal rotation, translation, and varus motion is not yet fully understood. 6, 39 In the present study, we hypothesized that the PT is a primary stabilizing PLC structure with respect to posterolateral stability of the knee joint during daily dynamic activity. To test this hypothesis, we developed five subject-specific MSK models with 12-DOF TF and PF joints. We validated the predicted muscle force from computational subject-specific model and experimental data, and compared the results from PLC deficiency conditions with experimental data from previous studies.
The advantage of computational simulations for a single subject is that the effects of component alignment within the identical subject can be determined and the effects of variables such as weight, height, bony geometry, and ligament properties can be excluded. 40 In addition, most in-vitro biomechanical studies are performed using cadavers of older individ- uals, in which repeated exertion in mechanical testing can not only loosen the connection between the device and specimen, but may also cause some attenuation of the tissue itself. 8 Conversely, the MSK model is capable of including all of the tendons in the knee under daily dynamic activity, representing a realistic in-vivo condition of the knee joint, unlike quasi-static in-vitro experimental conditions that utilize only partially applied muscle forces. 38, 41, 42 An interesting finding of our study was that the PFL did not significantly influence posterolateral stability during daily activity under dynamic conditions. Based on this finding, we considered the possibility that the PFL functions not as an independent structure, but as part of the PT complex. Pasque et al. showed that sectioning of the PFL with the intact PT did not produce any significant changes in the limits of the knee movement. 36 Maynard et al. suggested that the PFL may be an undiscovered mediator of posterolateral stability based on varus stress and failure studies on the PFL, PT, and LCL. 35 The order of resection in their study was LCL, PFL, and PT muscle belly, and they showed that only after resection of the LCL did the PFL appear to resist varus stress. The results of current study are also consistent with these previous study. 35 Many authors have acknowledged that the LCL plays a significant role as a stabilizer of external rotation and provides varus stability. 3, 8, 41, 43 Consistently, our study showed that deficiency of the LCL led to a significant increase in varus angulation under both gait and squat loading conditions. In other words, our results confirmed that the LCL is a main structure that mediates varus stability. However, we also showed that the PT is important with respect to limiting external rotation at higher flexion angles, consistent with previous studies. 36 We found significant differences in motion between intact and sectioned PT states for varus, internal rotation, and posterior translation dynamic conditions, indicating that the PT has an additional role in preventing these knee motions. There was good agreement between our results and those of previous studies suggesting that the PT contributes significantly along with other posterolateral structures to resist external rotation, varus rotation, and posterior translation. 13, 15, 44, 45 Several previous studies have shown implications consistent with our research. A cadaveric muscle contraction simulation model showed that applying 44 N of pulling force on the popliteus aponeurosis only reduced posterior translation of the knee as well as in situ forces in the posterior cruciate ligament (PCL) and increased in situ forces in the popliteus complex in response to a posterior tibial load. 42, 46 Schinhan et al. in recent EMG study demonstrated that the mean onset angle of popliteus activity started from 43 AE 14 degrees of flexion and lasted through the reversal point of the squat to 58 AE 21 degrees of flexion during an extension movement. 47 On the other hand, little activity was observed in the standing position. In our result, the effect of the PT was relatively small in the stance phase and more pronounce in the swing phase including terminal stance. In addition, the influence of the PT was significantly increased in the squatting motion in which the flexion angle of the knee became large. It can be seen that the PT plays the greatest role among PLC structures under dynamic conditions. Although removal of individual PLC structures increased the motion of the knee to some extent, the absence of the all PLC structures resulted in a significant increase in knee motion during most of the gait cycle and during squatting. 36 Ideally, the PFL, PT, and LCL should all be reconstructed in case of significant pathologic posterolateral instability of the knee. However, these procedures are practically challenging due to insufficient tendon length and contradictory isometricity of each structure during knee motion. Thus, most surgeons address only two components, one being the LCL for varus laxity, followed by either the PFL or PT for external rotatory laxity. However, reconstruction of the PFL, PT, LCL, and tibial-based two ligament reconstructions or fibula-based two ligmament reconstructions do not restore normal biomechanics. 48 Our results suggests that all of these surgical techniques inherentantly could not restore the PT as a dynamic structure, which is its the most important role in the dynamic loading condition.
This study had some limitations. First, the ligaments were modeled as into only two or three bundles. Second, the material properties of the ligaments in the model were based on values obtained from the literature. Third, the sample size of this study was small due to the time and computational requirements of developing subject-specific models. However, many previous studies have utilized only one subject-specific model to assess surgical techniques and mechanisms of injury. 16, 17, 29, 30, 49 Finally, there was a difference between muscle force prediction and EMG measurement. Not for all subjects, but there was difference in trend between prediction of tibial anterior muscle and EMG measurement. We attributed this result to the fact that muscles are divided into multiple branches in the AnyBody MSK model, while EMG signals are related more to the activity of the larger muscle group closest to the electrode, which may explain the large differences observed for the activation of some muscles. 49 
CONCLUSION
The results of our study showed that the PT is a primary stabilizer of external rotation and posterior translation, while the LCL is a primary stabilizer of varus stability under daily activity dynamic loading conditions. Clinically, the current static structural reconstruction techniques in postrolateral injuries might be difficult to restore the normal kinematics of BIOMECHANICAL EVALUATION OF PLC the knee, which highlights the importance of a surgical restoration or rehabilitation of the PT.
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